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Abstract: Centrality-dependent double-differential transverse momentum spectra of charged pions and kaons
and (anti)protons produced in mid-(pseudo)rapidity interval in 200 GeV gold-gold and deuteron-gold collisions
with different centralities at the Relativistic Heavy Ion Collider, as well as in 2.76 TeV lead-lead and 5.02 TeV
proton-lead collisions with different centralities at the Large Hadron Collider are analyzed by the blast-wave model
with Boltzmann-Gibbs statistics in the framework of Hagedorn model. The model results are in approximate agree-
ment with the experimental data in special transverse momentum ranges measured by the PHENIX and ALICE
Collaborations. It is showed that the kinetic freeze-out temperature of emission source and the transverse flow
velocity of produced particles increase or do not change obviously with the increases of centrality and energy.
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1 Introduction
The kinetic freeze-out temperature (T0 or Tkin) of
emission source and the transverse flow velocity (βT )
of produced particles are two important quantities at
the stage of kinetic freeze-out which is the last stage
in high energy particle-particle, particle-nucleus, and
nucleus-nucleus collisions. From the initial stage to the
last stage, the interacting system undergoes at least the
stage of chemical freeze-out which is the medium stage
in high energy collisions. It is expected that the freeze-
out parameters are centrality and energy dependent in
different collisions at different energies. In particular,
the centrality dependent freeze-out parameters at given
energy can be studied in nuclear collisions which contain
particle-nucleus and nucleus-nucleus collisions.
As the result of soft excitation process, the transverse
momentum (pT ) spectra of charged particles in low pT
region contain information of T0 and βT . The pT spectra
of soft process reflect the joint result of thermal motion
of produced particles and collective expansion of emis-
sion source which are described by T0 and βT respec-
tively. That is, in low pT spectra, the contributions of
thermal motion and collective expansion are needed to
separate in order to extract T0 and βT . There are more
than one methods to extract T0 and βT . These methods
include the blast-wave model with Boltzmann-Gibbs [1–
3] or Tsallis statistics [4], the alternative method using
the Boltzmann [2, 5–11] or Tsallis distribution [12, 13],
etc. From the similarity to the ideal gas model in ther-
modynamics, the methods used the Boltzmann-Gibbs
statistics and Boltzmann distribution are our favorite.
We may select the methods used the Boltzmann-
Gibbs statistics and Boltzmann distribution to describe
the spectra in low pT region. However, these methods
are not suitable for the spectra in high pT region which
needs the description of other methods such as the Hage-
dorn function [14, 15] due to the contribution of hard
scattering process. As a probability density function,
the Hagedorn function can contribute in both the low
and high pT regions. That is, except for the disengag-
ing of T0 and βT in the extraction process, we should
exclude the contribution of the hard process in low pT
region. In the case of including the hard process in low
pT region, we shall obtain higher T0 and/or βT compar-
ing with normal values. In fact, in the Hagedorn model
[14], the hard process is not excluded in low pT region.
Because of the relative fraction of the hard process in
low pT region is small, the departure caused by including
the hard process can be neglected.
In the present work, in the framework of Hagedorn
model [14], the centrality-dependent double-differential
transverse momentum spectra of charged pions pro-
duced in high energy nuclear collisions will be analyzed
by the blast-wave model with Boltzmann-Gibbs statis-
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tics. The model results are compared with the data
measured by the PHENIX Collaboration at the Rela-
tivistic Heavy Ion Collider (RHIC) in mid-rapidity in-
terval in 200 GeV gold-gold (Au-Au) and deuteron-gold
(d-Au) collisions with different centralities [16, 17], and
by the ALICE Collaboration at the Large Hadron Col-
lider (LHC) in mid-rapidity interval in 2.76 TeV lead-
lead (Pb-Pb) and 5.02 TeV proton-lead (p-Pb) collisions
with different centralities [18, 19].
The remainder of this paper is structured as follows.
The method and formalism are shortly described in Sec-
tion 2. Results and discussion are given in Section 3.
In Section 4, we summarize our main observations and
conclusions
2 The method and formalism
The pT spectra of charged particles produced in high
energy collisions have complex structures. To describe
the pT spectra, it is not enough to use only one proba-
bility density function, though this function can be var-
ious forms. In particular, the maximum pT reaches 100
GeV/c in collisions at the LHC [20]. A several pT regions
are observed by model analysis [21]. These pT regions
include the first region with pT < 4–6 GeV/c, the sec-
ond region with 4–6 GeV/c < pT < 17–20 GeV/c, and
the third region with pT > 17–20 GeV/c. At the RHIC,
the boundaries of different pT regions are slightly lower.
It is expected that different pT regions correspond to
different interacting mechanisms. Even for the same pT
region, different explanations are subsistent due to dif-
ferent model methods and microcosmic pictures.
According to ref. [21], different pT regions reflect dif-
ferent whole features of fragmentation and hadroniza-
tion of partons through the string dynamics. In the
first pT region, the effects and changes by the medium
take part in the main role. In the second pT region,
the effects and changes by the medium start to appear
weakly. While in the third pT region, the nuclear trans-
parency results in negligible influence of the medium.
From the point of view of the number of strings, the sec-
ond pT region is expected to have the maximum number
of strings, which results in fusion and creation of strings
and collective behavior of partons. Through string fu-
sion, the second pT region is proposed as a possible area
of Quark-Gluon Plasma (QGP). While, through direct
hadronization of low energy strings, the first pT region
has the minimum number of strings and maximum num-
ber of hadrons.
As can be seen in the following paragraphs, although
our explanation is somehow different from that in ref.
[21], the idea of multiple pT regions is used by us. We re-
gard the first pT region as the contribution region of soft
excitation process. The second and third pT regions are
regarded as the contribution regions of hard and very-
hard (VH) scattering processes respectively. Consider-
ing the contribution region (pT < 0.2–0.3 GeV/c) of
very-soft (VS) excitation process due to resonant pro-
duction of charged pions in some cases, we have one
more pT region. The four pT regions can be described
by different components in a unified superposition. To
structure the unified superposition, we have two meth-
ods. The first method is the common one in which the
contribution regions of different components have over-
lapping. The second method is the Hagedorn’s model
[14] in which the contribution regions of different com-
ponents have no overlapping.
Let f1(pT ) and f2(pT ) denote the probability density
functions contributed by the soft and hard components
respectively, and fV S(pT ) and fV H(pT ) denote the prob-
ability density functions contributed by the very-soft
and very-hard components respectively, where fV S(pT )
and fVH(pT ) are assumed to have the same forms as
f1(pT ) and f2(pT ) with smaller and larger parameters
respectively. Then, according to the first method, we
can structure the unified superposition to be
f0(pT ) =kV SfV S(pT ) + kf1(pT )
+ (1− k − kV S − kV H)f2(pT )
+ kV HfVH(pT ), (1)
where kV S , kVH , and k denote the contribution frac-
tions of the very-soft, very-hard, and soft components
respectively.
According to the Hagedorn’s model [14], we can use
the usual step function to structure the unified super-
position. That is
f0(pT ) =AV Sθ(pV S − pT )fV S(pT )
+A1θ(pT − pV S)θ(p1 − pT )f1(pT )
+A2θ(pT − p1)θ(pV H − pT )f2(pT )
+AVHθ(pT − pV H)fVH(pT ), (2)
where AV S , A1, A2, and AV H are constants which re-
sult in the two contiguous components to be equal to
each other at pT = pV S , p1, and pVH respectively. In
particular, p1 and pVH correspond to 4–6 GeV/c and
17–20 GeV/c in ref. [21] respectively, though the con-
crete values may be different from there. Meanwhile,
the concrete values are possibly centrality and energy
dependent.
In most cases, the contributions of very-soft and
very-hard components can be neglected. Thus, Eqs. (1)
and (2) are simplified to
f0(pT ) = kf1(pT ) + (1 − k)f2(pT ) (3)
2
and
f0(pT ) =A1θ(p1 − pT )f1(pT ) +A2θ(pT − p1)f2(pT )
(4)
respectively. The two simplified functions are the same
as our recent work [22] which studies the possible sce-
narios for single, double, or multiple kinetic freeze-out
in high energy collisions, though pT spectra of differ-
ent types of particles produced in central and periph-
eral nuclear collisions and proton-proton collisions are
analyzed. As for f1(pT ) and f2(pT ), there are vari-
ous functions to be chosen. The potential functions
include, but are not limited to, the blast-wave model
with Boltzmann-Gibbs statistics [1–3] and the Hagedorn
function [14, 15].
According to refs. [1–3], the blast-wave model with
Boltzmann-Gibbs statistics results in the pT distribu-
tion to be
f1(pT ) =CpTmT
∫ R
0
rdr
× I0
[
pT sinh(ρ)
T0
]
K1
[
mT cosh(ρ)
T0
]
, (5)
where C is the normalized constant, mT =
√
p2
T
+m20
is the transverse mass, m0 is the rest mass of the con-
sidered particle, r and R are the radial position and the
maximum radial position in the thermal source, I0 and
K1 are the modified Bessel functions of the first and sec-
ond kinds respectively. In the modified Bessel functions,
ρ = tanh−1[β(r)] is the boost angle, β(r) = βS(r/R)
n0
is a self-similar flow profile, βS is the flow velocity on
the surface, n0 = 2 as used in ref. [1]. In particular,
βT = (2/R
2)
∫ R
0
rβ(r)dr = 2βS/(n0 + 2) = 0.5βS.
The Hagedorn function [14, 15] is known as an in-
verse power-law [23–25],
f2(pT ) = ApT
(
1 +
pT
p0
)
−n
, (6)
where p0 and n are free parameters and A is the nor-
malization constant. In literature [26], [27–31], and [32]
the Hagedorn function are revised to
f2(pT ) = A
p2
T
mT
(
1 +
pT
p0
)
−n
, (7)
f2(pT ) = ApT
(
1 +
p2
T
p20
)
−n
, (8)
and
f2(pT ) = A
(
1 +
p2
T
p20
)
−n
, (9)
respectively, where the three A, three p0, and three n
are severally different from each other.
In the first method, the contribution of hard com-
ponent in low pT region can be neglected due to its
small value. Then, the first method degenerates to the
second one which is the result of Hagedorn model [14].
In fact, the hard component has no contribution to T0
and βT . We can give up the second component in Eqs.
(3) and (4) if we analyze the spectra in low pT region
to extract only T0 and βT . In the present work, the
blast-wave model with Boltzmann-Gibbs statistics [Eq.
(5)] in the framework of Hagedorn model [Eq. (4)] is
used in low pT region (0–4.5 GeV/c or lower). In fact,
the contribution of hard component is not excluded in
the extraction of T0 and βT . This treatment causes
a slight increase in T0 and/or βT in which the relative
increase is neglected by us due to its small value (< 5%).
3 Results and discussion
Figure 1 presents the centrality dependent double-
differential pT spectra, (1/2pipT )d
2N/dpTdy, of pi
− (up-
per), K− (middle), and p¯ (lower) produced in mid-
pseudorapidity interval (|η| < 0.35) in Au-Au (left)
and d-Au (right) collisions at center-of-mass energy√
sNN = 200 GeV at the RHIC, where N and y denote
particle number and rapidity respectively. The sym-
bols represent the experimental data measured by the
PHENIX Collaboration [16, 17]. The spectra in Au-Au
collisions in centralities 0–5%, 5–10%, 10–15%, 15–20%,
and 20–30% are multiplied by 20, 10, 5, 2.5, and 1.5,
respectively, and those in other centralities are not re-
scaled [16]. The spectra in d-Au collisions in central-
ities 0–20%, 20–40%, 40–60%, and 60–88% are multi-
plied by 10−2, 10−3, 10−5, and 10−6, respectively [17].
The curves are our fitted results by using the blast-wave
model with Boltzmann-Gibbs statistics. Following each
panel, the results of data/fit are presented to monitor
the departure of the fit from the data. In each fitting,
the method of least squares is used in a special pT range
beyond which the model does not work. The values
of free parameters (T0 and βT ), normalization constant
(N0), χ
2, and degree of freedom (dof) are listed in Ta-
ble 1, where the concrete centralities are listed together.
One can see that the model results describe approxi-
mately the PHENIX data in special pT ranges in high
energy nuclear collisions at the RHIC. The special pT
range is 0 ∼ 2–3 GeV/c in peripheral collisions and more
than 0 ∼ 4.5 GeV/c in central collisions. The special pT
range for strange particle is narrower than that for non-
strange particle.
Figure 2 is the same as Fig. 1, but it shows the re-
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Fig. 1. Centrality dependent (1/2pipT )d
2N/dpTdy of pi
− (upper),K− (middle), and p¯ (lower) produced in |η| < 0.35
in Au-Au (left) and d-Au (right) collisions at
√
sNN = 200 GeV. The symbols represent the experimental data
measured by the PHENIX Collaboration [16, 17] and the curves are our fitted results by using the blast-wave
model with Boltzmann-Gibbs statistics. In Au-Au collisions (left), the spectra in centralities 0–5%, 5–10%, 10–
15%, 15–20%, and 20–30% are multiplied by 20, 10, 5, 2.5, and 1.5, respectively, and those in other centralities
are not re-scaled [16]. In d-Au collisions (right), the spectra in centralities 0–20%, 20–40%, 40–60%, and 60–88%
are multiplied by 10−2, 10−3, 10−5, and 10−6, respectively [17]. Following each panel, the results of data/fit are
presented to monitor the departure of the fit from the data.
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Table 1. Values of T0, βT , N0, χ
2, and dof corresponding to the curves in Fig. 1, where χ2 is obtained due to
available data in each centrality interval in which some available data are beyond the special pT range.
Figure Particle Centrality T0 (GeV) βT (c) N0 χ
2 dof
Fig. 1 pi− 0–5% 0.140 ± 0.001 0.368 ± 0.001 49.50 ± 2.00 74.327 25
Au-Au 5–10% 0.138 ± 0.002 0.365 ± 0.004 39.00 ± 2.00 8.755 25
200 GeV 10-15% 0.136 ± 0.001 0.367 ± 0.002 36.00 ± 1.60 132.061 25
15–20% 0.132 ± 0.002 0.370 ± 0.003 33.60 ± 3.20 31.767 25
20–30% 0.129 ± 0.001 0.369 ± 0.002 22.00 ± 1.33 65.199 25
30–40% 0.125 ± 0.002 0.373 ± 0.002 15.00 ± 2.00 92.568 25
40–50% 0.123 ± 0.002 0.362 ± 0.004 8.95 ± 0.90 353.352 25
50–60% 0.122 ± 0.003 0.364 ± 0.005 5.70 ± 0.50 150.122 25
60–70% 0.120 ± 0.003 0.365 ± 0.003 3.10 ± 0.20 125.669 25
70–80% 0.118 ± 0.002 0.363 ± 0.005 1.40 ± 0.15 110.826 25
80-92% 0.115 ± 0.001 0.372 ± 0.001 0.70 ± 0.05 279.230 25
K− 0–5% 0.120 ± 0.002 0.435 ± 0.002 7.70 ± 0.25 33.526 13
5–10% 0.118 ± 0.001 0.431 ± 0.001 6.07 ± 0.10 8.943 13
10–15% 0.116 ± 0.004 0.436 ± 0.004 4.54 ± 0.34 29.312 13
15–20% 0.113 ± 0.001 0.433 ± 0.001 4.28 ± 0.20 5.910 13
20–30% 0.110 ± 0.003 0.429 ± 0.002 3.13 ± 0.13 2.634 13
30–40% 0.107 ± 0.002 0.427 ± 0.001 2.02 ± 0.08 3.062 13
40–50% 0.105 ± 0.001 0.431 ± 0.002 1.12 ± 0.07 14.933 13
50–60% 0.103 ± 0.001 0.428 ± 0.001 0.70 ± 0.02 13.810 13
60–70% 0.100 ± 0.002 0.433 ± 0.003 0.30 ± 0.02 15.135 13
70-80% 0.094 ± 0.003 0.426 ± 0.003 0.14 ± 0.01 143.369 13
80–92% 0.090 ± 0.004 0.407 ± 0.005 0.067 ± 0.001 50.416 13
p¯ 0–5% 0.210 ± 0.003 0.333 ± 0.003 1.97 ± 0.14 45.104 19
5–10% 0.208 ± 0.002 0.330 ± 0.003 1.71 ± 0.07 33.760 19
10-15% 0.200 ± 0.002 0.325 ± 0.002 1.30 ± 0.04 73.118 19
15-20% 0.195 ± 0.002 0.335 ± 0.003 1.32 ± 0.08 8.660 19
20–30% 0.191 ± 0.001 0.329 ± 0.002 1.27 ± 0.05 30.897 19
30-40% 0.178 ± 0.002 0.327 ± 0.003 0.63 ± 0.03 9.787 19
40–50% 0.171 ± 0.001 0.338 ± 0.002 0.36 ± 0.01 14.024 19
50–60% 0.166 ± 0.001 0.326 ± 0.002 0.20 ± 0.01 42.201 19
60–70% 0.155 ± 0.003 0.325 ± 0.004 0.10 ± 0.01 21.217 19
70–80% 0.145 ± 0.002 0.331 ± 0.003 0.040 ± 0.004 25.523 19
80–92% 0.138 ± 0.003 0.330 ± 0.005 0.024 ± 0.003 352.972 19
Fig. 1 pi− 0–20% 0.120 ± 0.001 0.442 ± 0.001 0.87 ± 0.20 9.769 21
d-Au 20–40% 0.115 ± 0.001 0.440 ± 0.001 0.75 ± 0.05 13.449 21
200 GeV 40–60% 0.112 ± 0.002 0.437 ± 0.002 0.67 ± 0.06 6.693 21
60–88% 0.110 ± 0.001 0.430 ± 0.001 0.30 ± 0.02 20.740 21
K− 0–20% 0.270 ± 0.002 0.204 ± 0.003 0.11 ± 0.01 10.548 18
20-40% 0.260 ± 0.001 0.200 ± 0.003 0.090 ± 0.005 11.764 18
40-60% 0.255 ± 0.002 0.200 ± 0.006 0.070 ± 0.005 7.334 18
60-88% 0.251 ± 0.003 0.155 ± 0.006 0.030 ± 0.003 26.854 18
p¯ 0–20% 0.208 ± 0.002 0.330 ± 0.004 0.042 ± 0.004 5.470 21
20–40% 0.200 ± 0.003 0.325 ± 0.003 0.033 ± 0.002 5.719 21
40–60% 0.186 ± 0.002 0.334 ± 0.002 0.024 ± 0.002 3.915 21
60–88% 0.199 ± 0.002 0.285 ± 0.003 0.010 ± 0.001 10.472 21
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Fig. 2. Same as Fig. 1, but showing the spectra of pi− (upper), K− (middle), and p¯ (lower) produced in Pb-Pb
collisions at
√
sNN = 2.76 TeV (left), and the spectra of pi
+ + pi− (upper), K+ +K− (middle), and p+ p¯ (lower)
produced in p-Pb collisions at
√
sNN = 5.02 TeV (right). The symbols represent the experimental data measured
by the ALICE Collaboration [18, 19], where the spectra in Pb-Pb (or p-Pb) collisions are scaled by factors 2n,
where n changes from 9 (or 6) to 0 when the centrality changes from 0–5% to 80–90% (or 80–100%).
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Table 2. Values of T0, βT , N0, χ
2, and dof corresponding to the curves in Fig. 2, where χ2 is obtained due to
available data in each centrality interval in which some available data are beyond the special pT range.
Figure Particle Centrality T0 (GeV) βT (c) N0 χ
2 dof
Fig. 2 pi− 0–5% 0.135 ± 0.003 0.432 ± 0.003 125.39 ± 1.95 66.387 38
Pb-Pb 5–10% 0.130 ± 0.002 0.427 ± 0.003 109.34 ± 11.72 33.278 38
2.76 TeV 10–20% 0.127 ± 0.002 0.434 ± 0.002 78.36 ± 7.81 13.957 38
20–30% 0.120 ± 0.002 0.443 ± 0.002 51.56 ± 4.69 9.383 38
30–40% 0.118 ± 0.002 0.440 ± 0.002 36.87 ± 3.13 52.139 38
40–50% 0.117 ± 0.004 0.428 ± 0.006 22.23 ± 2.50 54.060 38
50–60% 0.116 ± 0.002 0.440 ± 0.003 12.59 ± 1.25 45.153 38
60–70% 0.113 ± 0.004 0.436 ± 0.005 6.43 ± 0.04 73.766 38
70–80% 0.133 ± 0.005 0.420 ± 0.006 2.75 ± 0.30 97.470 38
80–90% 0.108 ± 0.004 0.428 ± 0.005 1.20 ± 0.20 165.095 38
K− 0–5% 0.289 ± 0.002 0.264 ± 0.003 16.80 ± 0.59 13.076 33
5–10% 0.280 ± 0.004 0.262 ± 0.006 13.67 ± 1.17 4.123 33
10–20% 0.270 ± 0.004 0.265 ± 0.007 10.55 ± 0.78 6.599 33
20–30% 0.265 ± 0.005 0.263 ± 0.008 7.03 ± 0.63 19.696 33
30–40% 0.251 ± 0.004 0.272 ± 0.008 4.69 ± 0.47 37.118 33
40–50% 0.249 ± 0.003 0.259 ± 0.005 2.81 ± 0.13 61.780 33
50–60% 0.240 ± 0.004 0.261 ± 0.008 1.63 ± 0.13 71.758 33
60–70% 0.225 ± 0.005 0.257 ± 0.009 0.84 ± 0.10 169.561 33
70–80% 0.224 ± 0.003 0.285 ± 0.004 0.39 ± 0.20 96.3651 33
80–90% 0.207 ± 0.007 0.259 ± 0.009 0.13 ± 0.01 317.597 33
p¯ 0–5% 0.443 ± 0.005 0.098 ± 0.008 5.27 ± 0.39 80.772 34
5–10% 0.440 ± 0.004 0.050 ± 0.007 4.69 ± 0.35 97.679 34
10–20% 0.438 ± 0.004 0.090 ± 0.007 3.52 ± 0.23 60.519 34
20–30% 0.435 ± 0.004 0.060 ± 0.008 2.11 ± 0.16 45.178 34
30–40% 0.430 ± 0.005 0.055 ± 0.013 1.56 ± 0.19 26.235 34
40–50% 0.427 ± 0.004 0.026 ± 0.016 0.90 ± 0.03 15.613 34
50–60% 0.405 ± 0.003 0.060 ± 0.012 0.56 ± 0.02 47.544 34
60–70% 0.378 ± 0.004 0.046 ± 0.012 0.29 ± 0.01 52.618 34
70–80% 0.362 ± 0.004 0.089 ± 0.004 0.14 ± 0.02 72.027 34
80–90% 0.340 ± 0.005 0.080 ± 0.009 0.055 ± 0.004 161.126 34
Fig. 2 pi+ + pi− 0–5% 0.119 ± 0.003 0.469 ± 0.002 7.23 ± 0.47 88.090 38
p-Pb 5–10% 0.116 ± 0.003 0.468 ± 0.002 5.35 ± 0.01 15.505 38
5.02 TeV 10–20% 0.113 ± 0.002 0.467 ± 0.002 4.38 ± 0.01 8.571 38
20-40% 0.112 ± 0.003 0.469 ± 0.002 4.06 ± 0.13 25.779 38
40-60% 0.105 ± 0.001 0.472 ± 0.003 2.30 ± 0.25 43.020 38
60-80% 0.120 ± 0.002 0.453 ± 0.001 1.45 ± 0.06 31.779 38
80-100% 0.100 ± 0.001 0.463 ± 0.001 0.60 ± 0.05 291.085 38
K+ +K− 0–5% 0.293 ± 0.005 0.313 ± 0.005 0.98 ± 0.05 49.257 28
5–10% 0.285 ± 0.003 0.310 ± 0.004 0.71 ± 0.02 13.074 28
10–20% 0.279 ± 0.005 0.307 ± 0.006 0.57 ± 0.04 57.005 28
20–40% 0.270 ± 0.006 0.312 ± 0.007 0.50 ± 0.04 12.170 28
40–60% 0.255 ± 0.004 0.310 ± 0.005 0.31 ± 0.03 69.542 28
60–80% 0.232 ± 0.004 0.329 ± 0.005 0.19 ± 0.01 23.951 28
80–100% 0.200 ± 0.005 0.309 ± 0.006 0.083 ± 0.007 76.540 28
p+ p¯ 0–5% 0.265 ± 0.003 0.393 ± 0.002 0.34 ± 0.02 9.772 36
5–10% 0.255 ± 0.004 0.390 ± 0.003 0.28 ± 0.01 9.542 36
10–20% 0.240 ± 0.004 0.400 ± 0.003 0.24 ± 0.01 19.123 36
20–40% 0.234 ± 0.003 0.392 ± 0.002 0.20 ± 0.01 60.734 36
40–60% 0.220 ± 0.004 0.386 ± 0.004 0.14 ± 0.01 24.331 36
60–80% 0.215 ± 0.003 0.365 ± 0.002 0.10 ± 0.01 37.193 36
80–100% 0.160 ± 0.003 0.363 ± 0.003 0.040 ± 0.004 36.252 36
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sults of pi− (or pi+ + pi−) (upper), K− (or K+ + K−)
(middle), and p¯ (or p + p¯) (lower) produced in mid-
rapidity interval |y| < 0.5 (or 0 < y < 0.5) in 2.76 TeV
Pb-Pb (left) [or 5.02 TeV p-Pb (right)] collisions. The
symbols represent the experimental data measured by
the ALICE Collaboration [18, 19], where the spectra
in Pb-Pb (or p-Pb) collisions are scaled by factors 2n,
where n changes from 9 (or 6) to 0 when the central-
ity changes from 0–5% to 80–90% (or 80–100%). The
related parameters are listed in Table 2, where the con-
crete centralities are listed together. One can see that
the model results describe approximately the ALICE
data in special pT ranges in high energy nuclear colli-
sions at the LHC. The special pT range increases from
0 ∼ 2–3 GeV/c to more than 0 ∼ 4.5 GeV/c when the
centrality increases from periphery to center. The spe-
cial pT range for strange particle is narrower than that
for non-strange particle. The dependence of the special
pT range on energy is not obvious.
To study the dependences of T0 and βT on the cen-
trality, Figures 3 and 4 show the correlations between T0
and C as well as T0 and C respectively, where C denotes
the centrality percentage which has opposite incremen-
tal tendency comparing with the centrality itself. Differ-
ent symbols represent different parameter values listed
in Tables 1 and 2. One can see that, with the increase
of centrality, T0 increases obviously or slightly, or does
not change almost; and βT increase slightly or does not
change almost. In most cases, T0 and βT at the RHIC
are slightly larger than or nearly equal to those at the
LHC. In a word, T0 and βT do not decrease with the
increases of centrality and energy.
The reason that T0 and βT do not decrease with
the increases of centrality and energy render that the
violent degrees of thermal excitation and collective be-
havior at the stage of kinetic freeze-out in interacting
system do not decrease with increases of centrality and
energy. This results in faster or the same thermal mo-
tion and collective expansion which are reflected by T0
and βT respectively. In addition, in peripheral colli-
sions, a larger fraction in high pT region is observed due
to larger cascade scattering happening in spectator nu-
cleons, which results in the departure of statistical law
from the thermal model in high pT region, which results
in the appearance of special pT range beyond which the
thermal model does not work.
Although the thermal model does not work in the
region beyond the special pT range, the Hagedorn func-
tion [14, 15], that is the inverse power-law [23–25] which
is based on the quantum chromodynamics (QCD) calcu-
lus, can be used to describe the spectra beyond the spe-
cial pT range. Because of the focus of the present work
being the study of centrality dependence of T0 and βT ,
we give up to describe the spectra beyond the special pT
range by using the Hagedorn function [14, 15]. Based on
different pictures in physics, we can use different meth-
ods to describe the same pT spectra. Different methods
are expected to show similar or reconcilable results.
In fact, we have another method to describe the
spectra beyond the special pT range. That is, a two-
component thermal model in which the first component
describes the spectra in the special pT range and the
second one describes the spectra beyond the special pT
range. Because of the fraction beyond the special pT
range being small, the two-component thermal model
causes a small increase in T0 and/or βT . Because of
the increase in T0 and/or βT being small in the two-
component thermal model, we neglect the contribution
of the second component in the extractions of T0 and
βT , though the application of the two-component ther-
mal model is expected to be out of question.
Our observation that βT increases or does not change
obviously with the increases of centrality and energy is
in agrement with most literature [1–4], though concrete
values are different from each other. Our observation
that T0 increases or does not change obviously with the
increases of centrality and energy is inconsistent with
some literature [1–3] and in agreement with other liter-
ature [4, 16, 33–36]. In particular, ref. [37] shows that
T0 extracted from pion spectra in central collisions is
smaller than that in peripheral collisions, and that ex-
tracted from kaon or proton spectra does not depend on
the centrality. Our observation is partly in agreement
with ref. [37].
If higher T0 in central collisions and at the LHC
signifies higher excitation degree of interacting system,
lower T0 in central collisions and at the LHC signifies
longer lifetime of hot and dense matter in the case of
considering higher excitation degree. Based on different
pictures and functions, the values and tendency of T0
(βT ) extracted from the same pT spectra are possibly
different from each other. In our opinion, the pictures
and functions used the Boltzmann-Gibbs (Fermi-Dirac
or Bose-Einstein) statistics and standard distribution
have more potentials to be the unified ‘thermometer”
and/or “speedometer” due to they are the most similar
to the ideal gas model in thermodynamics.
4 Conclusions
In summary, the centrality-dependent double-
differential transverse momentum spectra of charged
pions and kaons and (anti)protons produced in mid-
(pseudo)rapidity interval in 200 GeV Au-Au, 200 GeV
d-Au, 2.76 TeV Pb-Pb, and 5.02 TeV p-Pb collisions
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Fig. 3. Dependence of T0 on centrality percentage in 200 GeV Au-Au (left-upper), 200 GeV d-Au (right-upper),
2.76 TeV Pb-Pb (left-lower), and 5.02 TeV p-Pb (right-lower) collisions. Different symbols represent different
parameter values listed in Tables 1 and 2.
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Fig. 4. Same as Fig. 3, but showing the dependence of βT on centrality percentage.
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are analyzed by the blast-wave model with Boltzmann-
Gibbs statistics in the framework of Hagedorn model.
The model results are in approximate agreement with
the experimental data in special transverse momentum
ranges measured by the PHENIX and ALICE Collabo-
rations.
There are special transverse momentum ranges in
some transverse momentum spectra. The special trans-
verse momentum range increases from 0 ∼ 2–3 GeV/c to
more than 0 ∼ 4.5 GeV/c when the centrality increases
from periphery to center. The special transverse mo-
mentum range for strange particle is narrower than that
for non-strange particle. The dependence of the special
transverse momentum range on energy is not obvious.
The special transverse momentum ranges appear due to
different production processes of particles in participant
and spectator nucleons.
The kinetic freeze-out temperature and the trans-
verse flow velocity increase or do not change obviously
with the increases of centrality and energy. These re-
sults result in faster or the same thermal motion and
collective expansion in central collisions and at the
LHC. Comparing with central collisions, a larger frac-
tion in high transverse momentum region is observed
in peripheral collisions due to larger cascade scattering
happening in spectator nucleons. The thermal model
does not describe the spectra in high transverse momen-
tum region, though the two-component thermal model
is expected to describe them.
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